Enhancing magnetic stripe order in iron pnictides by RKKY exchange
  interactions by Gastiasoro, Maria N. & Andersen, Brian M.
Enhancing magnetic stripe order in iron pnictides by RKKY exchange interactions
Maria N. Gastiasoro and Brian M. Andersen
Niels Bohr Institute, University of Copenhagen, Universitetsparken 5, DK-2100 Copenhagen, Denmark
(Dated: October 10, 2018)
Recent experimental studies have revealed several unexpected properties of Mn-doped BaFe2As2.
These include extension of the stripe-like magnetic (pi, 0) phase to high temperatures above a critical
Mn concentration only, the presence of diffusive and weakly temperature dependent magnetic (pi, pi)
checkerboard scattering, and an apparent absent structural distortion from tetragonal to orthorhom-
bic. Here, we study the effects of magnetic impurities both below and above the Ne´el transition
temperature within a real-space five-band model appropriate to the iron pnictides. We show how
these experimental findings can be explained by a cooperative behavior of the magnetic impurities
and the conduction electrons mediating the Ruderman-Kittel-Kasuya-Yosida (RKKY) interactions
between them.
PACS numbers: 74.62.En, 74.70.Xa, 74.81.-g, 75.30.Hx
Whether the electronic fluctuations in Fe-based super-
conductors are predominantly of magnetic or orbital na-
ture remains controversial.[1] The structural transition
from tetragonal to orthorhombic symmetry has been ar-
gued to arise from an electronically driven nematic in-
stability caused either by orbital order[2–5] or so-called
spin-Ising order.[6–9] These order parameters are, how-
ever, intimately linked by symmetry and cannot exist
on their own,[1] making it hard to determine experimen-
tally which order exhibits the dominant susceptibility
in the high-T normal phase and hence drive e.g. the
structural transition. A resolution to this question is of
great interest since the dominant fluctuations are likely
to also mediate the pairing required for superconductiv-
ity. Therefore, the presence of a magnetic tetragonal
phase has attracted a lot of attention[10, 11]; this phase
exhibits magnetic order at the same ordering vectors
(pi, 0), (0, pi) ≡ Qstripe as the standard stripe magnetic
order, but without a concomitant breaking the tetragonal
symmetry. The existence of magnetic non-orthorhombic
phases argues against orbital order as the driving in-
stability of these materials, and has been interpreted in
terms of C4 symmetric magnetic structures with ordering
at Qstripe.[12, 13]
For the pnictides, the above issues have largely
focussed on hole-doped BaFe2As2 where particularly
Ba(Fe1−xMnx)2As2 constitutes an interesting case in
point. For this compound, Kim et al.[10] found that
the structural phase transition disappears at a critical
Mn doping (xc ∼ 0.1) whereas the Qstripe magnetic or-
der remains. Remarkably, at higher doping than xc the
magnetic order exhibits a new high-temperature com-
ponent as seen by the persistence of a broad Qstripe
magnetic Bragg peak well in excess of the Ne´el tem-
perature TN of the lower doped x < xc samples. In
addition, inelastic neutron scattering revealed that Mn
dopants induce short-range quasi-elastic spin scattering
at (pi, pi) ≡ QNe´el, which persists at all measured T , and
coexists with the long-range ordered Qstripe phase at low
T .[14] The presence of local antiferromagnetic (AF) cor-
relations induced by Mn ions have also been detected by
nuclear magnetic resonance (NMR).[23, 24] These stud-
ies therefore suggest that Mn locally nucleate magnetic
moments consistent with QNe´el structure.
More recently, Inosov et al.[15] performed a
comprehensive mapping of the phase diagram of
Ba(Fe1−xMnx)2As2 in the range 0 < x < 0.12. The
existence of the novel high-T stripe magnetic phase
at x > xc was confirmed by these studies. However,
by combining neutron data with muon spin relaxation
(µSR) and NMR measurements, Inosov et al.[15] pro-
posed a spatially inhomogeneous picture where Mn ions
act as magnetic impurities that induce (pi, 0) magnetic
rare regions already above TN of the parent compound,
and with a volume fraction of these rare regions growing
continuously with decreasing T . In contrast to the
earlier study of Ref. 10, a finite orthorhombic distortion,
most likely associated with the stripe-like magnetic rare
regions, was shown to coexist with regions of tetragonal
lattice symmetry.[15]
To help resolve the controversy of Ba(Fe1−xMnx)2As2,
and understand, more generally, the physics of magnetic
disorder in iron pnictides, microscopic theoretical model
calculations are highly called for. Minimal requirements
of such a theoretical description include being able to 1)
explain how magnetic impurities can generate long-range
magnetic Qstripe order at high T > TN , 2) explain why
this happens only above a certain critical concentration
of magnetic disorder, 3) explain the presence of diffusive
QNe´el magnetic scattering at low concentrations, and 4)
explain why the orthorhombicity appears absent at high
enough impurity concentrations. In addition, the spatial
modulations evidenced by the data of Ref. 15 points to
the importance of a real-space approach and a careful
study to cooperative impurity effects in these systems.
Here, we provide such a microscopic real-space de-
scription of magnetic disorder relevant to iron pnictides.
We use a realistic five-band model with standard onsite
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2Coulomb repulsion to study the induced magnetic order
nucleated by magnetic impurity sites. It is found that
magnetic impurities exhibit a QNe´el magnetic structure
close to its core, as well as longer-ranged magnetic tails of
Qstripe modulations which may overlap with neighbour-
ing impurities and induce long-range Qstripe magnetic
order even above TN of the clean system. This cooper-
ative effect only takes place, however, if the length scale
of the magnetic impurity tails is comparable to the aver-
age inter-impurity distance, yielding a natural explana-
tion for the detected critical concentration xc. In fact, as
will be shown in detail below, all four criteria above are
contained within our model. At higher Mn concentra-
tions we predict that the induced Qstripe order vanishes
because there is no room on average to host this order,
and only the QNe´el magnetic structure remains. This
crossover happens well before reaching the clean system
BaMn2As2 which is known to exhibit QNe´el order in its
ground state.[16]
The study presented here provides an alternative sce-
nario for the magnetism of Ba(Fe1−xMnx)2As2 as com-
pared to previous Landau models assuming homogeneous
phases.[12, 13, 17] In addition, previous calculations of
impurity-induced magnetism in Fe-based superconduc-
tors have focussed on the role of potential scatterers,[28–
30], but none have studied the collective effects of mag-
netic impurities within a microscopic approach.
Finally, we note that this problem constitutes an in-
teresting example of the more general problem of RKKY
exchange interactions in multi-orbital nested systems at
the brink of an instability,[18, 19] and the physics of
AF rare regions in itinerant systems.[20] In the standard
case of magnetic impurities in metallic hosts, the con-
duction elections are usually integrated out, giving rise
only to the RKKY effective interaction between the im-
purity spins which may lead to interesting RKKY spin-
glass behavior.[21, 22] Here, however, we do not inte-
grate out the itinerant electrons since their response to
the magnetic impurities is crucial for explaining the mea-
surements discussed above.
The five-orbital Hamiltonian is given by
H = H0 +Hint +Himp, (1)
with H0 the kinetic part
H0 =
∑
ij,µν,σ
tµνij c
†
iµσcjνσ − µ0
∑
iµσ
niµ.σ. (2)
The operators ciµσ (c
†
iµσ) annihilate (create) an electron
at site i with spin σ in orbital state µ, and µ0 is the
chemical potential fixed to yield a doping level of δ =
〈n〉 − 6.0 = 0 since Mn ions do not dope the system.[23–
25] The indices µ and ν denote the five iron orbitals dxz,
dyz, dx2−y2 , dxy, and d3z2−r2 . The hopping amplitudes
tµνij are identical to those provided in Ref. 26. The second
term in Eq.(1) describes the onsite Coulomb interaction
Hint = U
∑
i,µ
niµ↑niµ↓ + (U ′ − J
2
)
∑
i,µ<ν,σσ′
niµσniνσ′
(3)
− 2J
∑
i,µ<ν
Siµ · Siν + J ′
∑
i,µ<ν,σ
c†iµσc
†
iµσ¯ciνσ¯ciνσ,
which includes the intraorbital (interorbital) interaction
U (U ′), the Hund’s rule coupling J and the pair hopping
energy J ′. We assume spin rotation invariance U ′ =
U − 2J and J ′ = J . In this work we additionally take
U = 1.2 eV and J = U/6, which leads to an ordered
moment of the right magnitude relevant for BaFe2As2.
Mn ions in BaFe2As2 are known to carry a large local
magnetic moment[23, 24, 27] S which interacts with the
spin density of the itinerant electrons
Himp = J0
∑
{i∗}µσσ′
Si∗ · (c†i∗µσσσσ′ci∗µσ′), (4)
where {i∗} denotes the sub-set of lattice sites contain-
ing impurity spins. In the present work, we neglect or-
bital dependence and spin-flip processes which reduces
Eq. (4) to an Ising coupling
∑
{i∗}µσ J0S
z
i∗σc
†
i∗µσci∗µσ.
Additionally we assume the large spin (classical) limit
where J0S → ∞, and Eq. (4) reduces to that of a spin
dependent potential.[31, 32]
After a mean-field decoupling of Eq.(3), we solve the
eigenvalue problem
∑
jν H
µν
ijσu
n
jν = Enu
n
iµ, where
Hµνijσ = t
µν
ij + δijδµν [−µ0 + δii∗J0Szi∗σ + U〈niµσ¯〉 (5)
+
∑
µ′ 6=µ
(U ′〈niµ′σ¯〉+ (U ′ − J)〈niµ′σ〉)],
on Nx ×Ny lattices with self-consistently obtained den-
sities 〈niµσ〉 =
∑
n |uniµσ|2f(Enσ), and f(E) denoting the
Fermi function.
When multiple impurities are included at different ran-
domly chosen sites, the relative signs of the individual
impurity spins Szi∗σ become important and are obtained
by minimising the free energy F = U − TS. Here the
internal energy U = 〈HMF 〉 = 〈H0〉+ 〈HMFint 〉+ 〈Himp〉,
and the entropy S is obtained from the expression
S=−kB
∑
n
[f(En) ln f(En) + f(−En) ln f(−En)] . (6)
We start the discussion with the single-impurity effects
above the homogeneous ordering temperature TN . The
spin polarization of the surrounding electrons induced by
a weak impurity is shown in Fig. 1(a). Its structure can
be mainly described by Qx = (pi, 0) and Qy = (0, pi)
stripe-type order along the x and y directions, respec-
tively. The amplitude of the spatial oscillations rapidly
weaken and vanish at a scale of ∼ 5−7 lattice sites. The
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FIG. 1. (Color online) Real space magnetization m(r) for (a)
J0S
z
i∗σ = 0.3 eV (weak) and (c) J0S
z
i∗σ = 0.8 eV (strong) im-
purities. (b) and (d) |m(q)|/µB signal for the impurities in (a)
and (b), respectively. (e) |m(q)|/µB at q = Qstripe (orange
dots) and q = QNe´el (black stars) as a function of impurity
strength. The gray dashed line divides the weak and strong
impurity regimes (see text). T/TN = 1.2 for all these pan-
els. (f) Temperature dependence of the intensity |m(q)|2/µ2B
at Qstripe for the homogeneous system (black dots) and at
QNe´el for the strong impurity (blue triangles).
Fourier transform of the induced magnetization |m(q)|
shown in Fig. 1(b) exhibits sharp peaks at the Qstripe
wavevectors, arising from the real-space stripes. This lo-
cal response of weak impurities simply reflects the struc-
ture as the spin susceptibility of the clean system, as
expected from linear response theory. Upon increasing
the magnetic impurity potential, however, the local re-
sponse shown in Fig. 1(c,d) exhibits mainly QNe´el struc-
ture in the vicinity of the defect, and a weakened stripe
order in the farther tails of the induced spin polarization.
The broad QNe´el peak indicates shorter-range (pi, pi) or-
der compared to the Qstripe peaks characteristic of weak
impurities [Fig. 1(b)]. The full evolution of the local re-
sponse is presented in Fig. 1(e) showing the intensity of
both the Qstripe and QNe´el wavevectors as a function of
impurity strength, revealing the crossover from Qstripe
order to mainly QNe´el order in the strong impurity limit.
Note, however, that even the very strong impurities ex-
hibit some weight at Qstripe from surviving weak stripe-
like modulations in the tails of the polarization cloud.
x
HaL
-2
0
2
- 64- 2046
x
HcL
-2
0
2
- 64- 2046
x
HeL
-2
0
2
- 64- 2046
-Π 0 Π
-Π
0
Π
qx
HbL
0
0.005
0.010
0.015
0.020
- Π0
- Π0
Π
-Π 0 Π
-Π
0
Π
qx
HdL
0
0.01
0.02
0.03
0.04
0.05
- Π0
- Π0
Π
-Π 0 Π
-Π
0
Π
qx
HfL
0
0.05
0.10
0.15
- Π0
- Π0
Π
x
HgL
-2
0
2
- 64- 2046
x
HiL
-2
0
2
- 64- 2046
x
HkL
-2
0
2
- 64- 2046
-Π 0 Π
-Π
0
Π
qx
HhL
0
0.01
0.02
0.03
- Π0
- Π0
Π
-Π 0 Π
-Π
0
Π
qx
H jL
0
0.02
0.04
0.06
- Π0
- Π0
Π
-Π 0 Π
-Π
0
Π
qx
HlL
0
0.02
0.04
0.06
0.08
- Π0
- Π0
Π
FIG. 2. (Color online) (a,c,e) Examples of m(r)/µB for a con-
figuration with x = 3.0% strong impurities (J0S
z
i∗σ = ±0.8
eV) at (a) T/TN = 1.08, (c) 0.77 and (e) 0.46. (b,d,f) Corre-
sponding |m(q)|2/µ2B after averaging over eight distinct con-
figurations with the same concentration. (g-l) The same as
shown in (a-f) for a larger concentration of x = 6.0%.
Finally, Fig. 1(f) shows the T dependence of the induced
polarization of a strong impurity at QNe´el compared to
the Qstripe amplitude of the homogeneous system. The
impurity nucleates a checkerboard polarization which is
weakly T -dependent and persists well beyond TN consis-
tent with µSR,[15] NMR,[23] and neutron scattering.[14].
We now turn to the many-impurity case. The pres-
ence of both QNe´el and Qstripe magnetization induced
by strong impurities makes them relevant from an exper-
imental point of view[14, 23, 24]. Below, we focus there-
fore on the J0S
z
i∗σ = ±0.8 eV defects [Fig. 1(c,d)]. Con-
sider first the dilute case of 3% disorder. Figure 2(a,c,e)
show examples of the resulting real-space magnetization
and Fig. 2(b,d,f) display the corresponding configuation-
averaged |m(q)|2. Above TN [Fig. 2(b)] the total signal
in q-space is peaked around QNe´el, similar to the single-
impurity result for this kind of defect, whereas below TN
[Fig. 2(d,f)] the broad QNe´el scattering coexists with the
sharp Qstripe order in agreement with experiments.[14]
Now, consider a doubling of the impurity concentration
as shown in Fig. 2(g-l). Below TN [Fig. 2(j,l)] the same
dual nature is evident of sharp Qstripe and broad QNe´el
scattering as in the dilute case. Notably, however, above
TN [Fig. 2(h)] the response is now dominated by sharp
Qstripe order as opposed to the result shown in Fig. 2(b).
4The cooperative impurity effect yielding this long-range
Qstripe order is remarkable and not obvious from the cor-
responding real-space magnetization in Fig. 2(g). The
origin of a critical Mn concentration xc needed for the
emergence of high-T Qstripe order is evident within the
present scenario; for the cooperative impurity effect to be
relevant, the inter-impurity distance must be comparable
to the size of the induced spin polarization cloud. The
critical Mn concentration reported in Refs. 10 and 15 is
xc ∼ 0.1 implying that the magnetic Qstripe tails induced
by Mn in the real systems is slightly shorter ranged than
for the parameters used in Fig. 2.
To understand this cooperative behavior let us focus
first on the simpler situation of two impurities at sites
i∗ and j∗. Figure 3(a,b) illustrate two cases where the
spins are separated by an even number of lattice sites. In
Fig. 3(b) Szi∗σ = S
z
j∗σ, there is constructive interference of
their Qstripe spin polarization, and magnetic stripes are
induced in the surrounding conduction electrons. The
opposite case of Szi∗σ = −Szj∗σ with destructive interfer-
ence is shown in Fig. 3(a). Importantly, the configuration
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FIG. 3. (Color online) (a,b) Illustration of the order-by-
disorder caused by constructive interference between two
magnetic impurities; (a) destructive and (b) constructive in-
terference. In both cases the impurities are separated by an
even number of lattice sites. (c-f) Comparison of the magne-
tization in the case of ”quenched” (a,b) impurity spins versus
the ”relaxed” case obtained by energy minimisation caused
by allowed flipping of the impurity spins (c,d).
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FIG. 4. (Color online) Temperature dependence of the mag-
netic q = Qstripe Bragg peak for the homogeneous system
(black diamonds), x = 3.0% (blue triangles), and x = 6.0%
(red dots) disorder. Vertical dashed line indicates T = TN .
with the lowest free energy F is the one with construc-
tive interference of the spin-polarized electrons capable
of generating inter-impurity regions of Qstripe order. In
the corresponding many-impurity case, the importance
of optimizing the impurity spin orientations is shown in
Figs. 3(c-f). Here we compare the case of randomly cho-
sen spin orientations (quenched case) [Figs. 3(c,d)] with
the lower energy annealed case where the impurity spins
are allowed to orient themselves favorably to the spin po-
larization of their neighbors [Figs. 3(e,f)]. Evidently, the
induced Qstripe order exists only in the latter situation.
The results shown in Figs. 2-3 constitute an exam-
ple of order-from-disorder. It is qualitatively similar
to the interactions between impurities in quantum spin
chains which are non-frustrating because of the freedom
of impurity spins to reorient themselves according to the
neighboring AF induced impurity clouds and thereby
lower the exchange energy.[33] A similar scenario has also
been proposed for the spin-glass phase of the cuprates,
where non-magnetic dopant-induced AF clouds overlap
and form a network of quasi-long-range (pi, pi) order.[34]
We end the discussion with the T dependence of the
|m(Qstripe)|2 magnetic signal. Figure 4 shows the inten-
sity of the peak for 3% and 6% disorder. In the x < xc
case, the signal is lost at T . TN and it exhibits a clear
suppression of weight at low T compared to the clean
system. From Figs. 2(d,f) it is evident that most of this
weight has been transferred to the QNe´el wavevector.
The x > xc case shows a smeared transition as opposed to
the sharp transition of the clean system. The disorder in-
duced Qstripe signal persists to T significantly above the
ordering temperature of the clean system, T/TN ∼ 1.4,
where the signal intensity has been suppressed by ∼ 90%
with respect to its low-T value consistent with elastic
neutron measurements.[10, 15]
Finally we comment on the reported absence of
5orthorhombic distortion in Mn-doped Ba-122.[10] Of
course, since we do not explicitly include a coupling to
the lattice within the model, we cannot make quantita-
tive statements. However, assuming that the orthorhom-
bic distortion of the clean Mn-free system is caused by a
magneto-elastic coupling, it is evident from e.g. Figs. 2(g-
k) that since sizeable domains of neither (pi, 0) nor (0, pi)
order exist even at the lowest T when the Mn doping
approaches xc, the same magneto-elastic coupling should
cause only a short-scale mixture of intertwined tetragonal
and orthorhombic regions consistent with Ref. 15.
In summary, we have studied the cooperative ef-
fects of magnetic impurities within a realistic five-band
model relevant for the iron pnictides. The resulting in-
duced long-range magnetic stripe order of the conduc-
tion electrons constitute an example of an order-from-
disorder phenomenon, which explains the main exper-
imental observations of the magnetic properties of Mn
doped BaFe2As2. This includes the presence of a high-
T Qstripe stripe magnetic phase beyond a critical Mn
concentration, the presence of short-range checkerboard
(pi, pi) spin fluctuations, and the absence of a clear tetrag-
onal to orthorhombic structural transition.
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